This paper describes a facile method for the preparation of photoactivatable substrates with tuned surface density of an extracellular matrix peptide to resolve the impacts of biochemical and mechanical cues on collective cell migration. The controllability of surface ligand density was validated by cell adhesion and migration tests, complemented with fluorescence observation of an alternative ligand. Depending on the surface ligand density, HeLa cells either kept or lost collective characteristics. The present materials will be useful to address mechanobiology of collective cell migration.
Introduction
Cell migration is an essential mechanobiological activity of cells, and plays a critical role in diverse physiological and pathological processes. Cells couple their biological machinery to mechanical force, applying the force to extracellular matrices (ECM) and surrounding cells to move themselves forward. Recently, collective migration-migration of cells in a group rather than in single-cells-has been attracting the attention of researchers. 1, 2 One of the major reasons for the increasing interest arises from the emergence of unique collective characteristics, such as leader cell appearance 3 and selective chiral vertical motions, 4 which cannot be expected from simple summation of single cell behaviors. Another source of interests comes from the ability of cells to switch between single-cell and collective migration via epithelial-mesenchymal transition (EMT) or vice versa (MET). 5 Such migration plasticity adds further complexity to collective cell migration. Recent studies identified that, in addition to soluble factors, collective characteristics are highly dependent on the biological compositions and mechanical properties of ECM. 6 Moreover, in case of collective cell migration, cluster geometry and sizes are critical factors because they change traction stress distribution within the clusters, 7 eventually causing heterogeneous mechanical conditions of each cell. 8 Therefore, to better understand how these extracellular cues in ECM dictate collective cell migration, it is important to develop a robust platform where biochemical and/or mechanical factors can be controlled in given cell cluster geometries.
Commonly used approaches to tackle this issue are to simply change the coating concentration of fibronectin solutions and observe appropriate size and/or geometry of cell clusters that randomly attach thereon 9 or to stamp a poly(dimethylsiloxane) (PDMS) stencil onto protein-coated surfaces to rationally control cell geometries and remove it to observe cell migration. 10 However, such physically adsorbed proteins are susceptible to gradual replacement with medium or cell-producing proteins. Alternatively, we have developed a more systematic method for the resolution of the impact of environmental cues on collective cell migration on photoactivatable substrates with the help of sophisticated surface chemistry. 11 The common feature of the substrates is that the surface changes from a state that prevents cell adhesion to that promoting cell adhesion in response to photoirradiation (Fig. 1A) . Cell cluster geometries can be arbitrarily controlled by changing the photoirradiation regions and their migration can be induced by the following irradiation of initially idle areas (Fig. 1B) . 12 Moreover, by applying this concept to nanopatterned 13 and compliant substrates, 14 quantitative control of chemical and mechanical cues in ECMs in geometrically defined cell clusters has become possible. These studies demonstrated gain and loss of collective characteristics depending on chemical and mechanical environments in ECM. However, there is still room for technical improvements. Especially in the case of the photoactivatable nanopatterned substrates, the substrates were prepared through multiple steps; block copolymer nanolithography, passivation of glass regions, and photofunctionalization of arrayed gold nanoparticles. Moreover, the protein-and cell-repelling ability of the glass regions last only for a few days. This narrow time frame limits usage.
Therefore, we herein developed a facile method for the preparation of photoactivatable substrates with tuned cell-ECM biochemical interactions (Fig. 1C) . We used mixed selfassembled monolayers (SAM) formed on gold substrates via gold-disulfide chemistry to control the surface chemical density of a cyclic pentapeptide containing an ECM-derived Arg-GlyAsp sequence (cRGD) and to introduce the photoswitchable feature on the surface with photocleavable poly(ethylene glycol) 13 (PCP). These two ligands were diluted with hexaethylene glycol (EG6) ligands. The EG6 ligand has an ability to prevent protein adsorption hence it is useful to minimize the change in chemical composition of the surface through nonspecific adsorption of serum-derived or cellproducing proteins. It should be noted that gold surfaces provide an ideal platform for SAM formation, therefore it has been well-established to tune the surface ligand density by simply changing the mixing ratio of the components. 15 The details of the substrate characterization and their applications to collective cell migration study are discussed below.
Experimental

Reagents and materials
Reagents were purchased as follows: minimum essential medium (MEM) (Sigma, St. Louis, MO), fetal bovine serum (FBS, BioWest, Nuaille, France), penicillin-streptomycin, trypsin-EDTA (ethylenediaminetetraacetic acid), 4% paraformaldehyde in phosphate buffer saline (PBS), bovine serum albumin (BSA), Triton X-100, glycine (Wako, Osaka, Japan), mouse anti-vinculin (1:1000, Sigma), anti-mouse IgG Alexa Fluor 488 (1:1000), Alexa Fluor 568 phalloidin (1:1000) and Hoechst 33342 (Life Technologies, Eugene, OR). Gold substrates were prepared by vacuum deposition of a 5-nm titanium layer followed by a 15-nm gold layer on a glass cover slip (0.12 -0.17 mm thick, Matsunami, Osaka, Japan) with an E-beam evaporator. The substrates were cut into 5 × 5 mm 2 pieces for the subsequent experiments.
Two disulfide compounds, PCP-ds and cRGD-ds, were synthesized based on the previous reports. 16, 17 EG6-terminated disulfide (EG6-ds) was purchased from ProChimia (Sopot, Poland). Its product name is (-S-(CH2)11-EG6-OH)2. Fluorescently labeled disulfide was newly synthesized by reacting 4′-(aminomethyl)fluorescein (AMF, Anaspec, Fremont, CA) and disulfide-bearing activated ester via EG6 linker (-S-(CH2)11-EG6-OCH2-COONHS)2 (ProChimia) in acetonitrile containing triethylamine (Wako) in a 2:1:2 molar ratio overnight. The solvent was removed by evaporation and the product (AMF-ds) was used without further purification.
Surface functionalization and characterization
The gold substrates were cleaned by a UV-ozone cleaner (UV253, Filgen, Nagoya, Japan), followed by an overnight reaction with the disulfides in methanol at room temperature to form mixed SAMs of PCP-ds, cRGD-ds and EG6-ds. Surface density of cRGD was tuned by changing the mixing ratio of cRGD-ds and EG6-ds, while keeping PCP-ds 90% for all substrates. For simplicity, we referred to them as X substrates, where X represents the dilution factor of cRGD ligand within all the disulfide ligands. Therefore, the mixing ratio of cRGDds:EG6-ds:PCP-ds is 1/X:0.1 -1/X:0.9. The substrates prepared in this study have 10, 100, 1k, 10k and 100k dilutions. To study the controllability of surface ligand density by the fluorescence measurements, AMF-ds was used instead of cRGD-ds to functionalize the gold substrates. The fluorescence intensity of the substrates were measured by an Axiovert 200 (Zeiss, 
Cell culture, patterning and immunostaining
HeLa cells were obtained from American type culture collection (ATCC). The cells were cultured in MEM containing 10% FBS, 100 units/mL penicillin and 100 μg/mL streptomycin at 37 C in a humidified atmosphere containing 5% CO2. Cells were subcultured every 2 -3 days by using trypsin-EDTA. Cell patterning and migration induction were performed according to the procedures described previously with slight modifications. 18 Briefly, the surface was placed upside down in a glass-bottom dish (MatTek, MA, USA) in PBS and irradiated through a photomask placed in the field diaphragm for 10 -15 J under an IX81-PAFM fluorescence microscope (Olympus, Tokyo, Japan) or an Axiovert 200. The substrate was flipped to right side-up and cells were seeded to the substrate in a serum free medium. Cells were allowed to attach for 1 h, when serum-containing medium was added. After another 1 h, the medium was changed to the complete medium and unattached floating cells were removed from the culture dish. Cell migration was induced by irradiation of the substrate in the same way as above but in the right side-up configuration with 10-fold longer time because irradiation of the surface across gold substrate attenuates the light intensity approximately to 10% from the measurement using UIT-150 power meter equipped with a UVD-S365 (Ushio, Tokyo, Japan). Cell migration behaviors were observed in a stage-top incubator (Tokai Hit, Fujimiya, Japan) equipped on the above microscopes. For immunofluorescence observation, the cells were fixed with 4% paraformaldehyde, quenched with 5% glycine in PBS, permeabilized with 0.5% Triton X-100 and blocked with BSA before reacting with primary and secondary antibodies.
Results and Discussion
The photoactivatable substrates developed in this study have two key important characteristics: (1) the surface prevents cell adhesion at the beginning but changes to permit cell adhesion upon irradiation of near-UV light, (2) the adhesiveness of each substrate after photoirradiation are different depending on the composition of the surface functionalities. Such photoactivatable substrates were prepared on gold substrates as mixed selfassembled monolayers by changing the mixing ratio of three disulfide compounds: cell-adhesive cRGD-ds, bio-inert EG6-ds, and photocleavable PCP-d (Fig. 1C) . The small cRGD ligands are masked by bulky PCP, making the surface non-cell-adhesive before photoirradiation, but they become addressable upon photocleavage of PCP. In order to validate our strategy to control the surface composition of the mixed SAMs, we first used a model fluorescent disulfide compound (AMF-ds), in place of cRGD-ds, and analyzed fluorescence intensity of the substrates (Fig. 1C) . The substrates show a gradual decrease of the fluorescence intensity by diluting the AMF-ds with EG6-ds from 1:10 to 1:10k ( Fig. 2A, filled circles) . The results obtained here indicate the present approach can be used for tuning the ligand composition of the substrates. We further examined fluorescence signal changes by replacing all the PCP-ds component with EG6-ds to compare the present photoactivatable surfaces with the non-photoactivatable ones-without PCP-dsreported in the previous paper. 17 Throughout the tested dilution range, the fluorescence intensity of the surfaces containing PCP was 6 -16 times higher for those without PCP ( Fig. 2A, open  circles) . The difference can be explained by the possible preferential deposition of smaller ligands (AMF-ds and EG6-ds; 1 -2 kDa) over high molecular weight PCP-ds (25 kDa). Therefore, it should be noted that the cell adhesiveness of the present photoactivatable surfaces would be biased to more adhesive one than that of non-photoactivatable ones reported in our previous report. 17 We did not examine the fluorescence of the 100k surfaces, because the fluorescence signals of 10k have already reached below the detection limit (= 3SD of blank signal) for both surfaces with and without PCP ( Fig. 2A, inset) .
Next, we moved onto our main targets, the photoactivatable surfaces bearing cRGD-ds rather than AMF-ds, and evaluated the photoswitchability between non-cell-adhesive and celladhesive states as well as controllability of cell adhesive properties depending on the feed concentrations of the SAM forming solutions. The substrates were irradiated in a striped pattern of 50 μm with 100 μm separations and HeLa cells were allowed to attach. Cells adhered selectively to the irradiated regions with the number of attached cells decreasing as the dilution factor increased (Figs. 2B and 2C ). The cells hardly attach to the surface below 100k dilution. Together with the results with AMF-ds discussed above, we are able to confirm successful preparation of photoactivatable surfaces with tunable cell adhesiveness.
The versatility of the substrates for cell migration studies was verified by two experiments: scratch-wound healing-like parallel 1D cell migration and 2D cluster expansion from precisely controlled circular cellular colonies. For the 1D migration, cells were initially patterned in a big hemisphere region and a rectangular region alongside the chord of hemisphere was irradiated to induce cell migration to 1D (Fig. 3A) . Among the 100, 1k and 10k substrates, cell migration rate was undistinguishable for the 100 and 1k surfaces, whereas the cells migrated much faster for the 10k surface (Fig. 3B) . Faster migration on less sticky surfaces is a commonly observed phenomenon. 13 However, the increase in migration rate is more moderate than the change in the number of cells attached to the substrates (Fig. 2B) and the difference became significant only between the 1k and 10k substrates. Such trends are reasonable when considering the fact that cell migration involved the synchronized processes of cell attachment and detachment in migration front and back, respectively, hence it is regulated more complexly by surface ECM ligands than cell adhesion. For all the tested substrates, the cells migrated collectively while maintaining their contact with surrounding cells, which is consistent with the earlier studies reporting on collective characteristics of HeLa cells. [19] [20] [21] On the other hand, when we looked at 2D cluster expansion from 150-μm circular spots on the 100 and 10k surfaces, qualitatively different migration behaviors were observed. In a similar fashion to the observation of faster migration on less adhesive surfaces (Fig. 3B) , the propagation of clusters with time for cells cultured on the 10k surface was highly observed with the acquisition of elongated morphology compared to cells on the 100 surface. On the 100 surface, the cells kept cell-cell adhesion during cluster expansion and migrated collectively (Fig. 3C , Video S1, Supporting Information). Whereas, on the 10k surface, the cells gradually lost their contacts with surrounding cells and became dispersed, and such loss of collectivity began in the middle of the cluster then transmitted to the cells on edges afterward (Fig. 3C , Video S2, Supporting Information). In our previous study, we reported similar migration characteristics in HeLa cells upon cluster expansion on a nanopatterned substrate, which presents cRGD peptides only on arrayed gold nanoparticles. 13 These results indicate that HeLa cells lose collective characteristics on weakly-adhesive surfaces in general, regardless of the pattern of the presentation of the cell-adhesive ligands. It should be noted that such loss of collective feature becomes more obvious in the 2D cluster expansion experiments than 1D parallel cell migration. This is because, in the 2D cluster expansion, the cells at the leading edge face larger idle space as they migrate in a radial fashion, whereas only constant open space is available to parallelly migrating leading edge cells. Actually, when we start from larger clusters, loss of collectivity was observed at a later time, owing to smaller curvatures in the larger colony (data not shown) and it was not observed in 1D bilateral migration from thin striped patterns (data not shown). Therefore, the 2D cluster expansion from small circular colonies is a more suitable migration mode for the sensitive detection of loss in collectivity.
Finally, we looked into more details of how cells adhere to differently adhesive surfaces. For this purpose, focal adhesion and actin cytoskeleton were visualized immunofluorescently. These structures are protein assembly that mechanically anchors cell adhesion and protein-based cellular frameworks that mechanically sustain cellular structures, respectively. Therefore, these structures give important mechanobiological information on how the cells feel these surfaces at the molecular level. On the 100 substrate, the cells spread well and formed pancake-like structures. The formation of robust focal adhesions can be confirmed from large bright spots in vinculin staining images (Fig. 4) . Cells at the edge of clusters formed strong lamellipodia, whereas the boundaries of cells inside clusters were difficult to be observed from actin distributions (Fig. 4) . The results indicate cells adhere strongly to the 100 substrate and cells at the edge region are leading their collective migration of the clusters and those inside become so-called follower cells. On the other hand, on the 10k substrate, cells are more dispersed and formed elongated structures. The number as well as size of focal adhesion was smaller than that observed on the 100 surface (Fig. 4C) . These results are consistent with weak cell adhesion to the surface (Fig. 2C) . Actin was preferentially observed in the cellular cortical regions (Fig. 4D) . Therefore, decrease in cell-ECM adhesion is likely to change force balance within each cell, eventually losing collectivity as cell clusters. These results are similar to our previous reports on collective migration behaviors of HeLa cells on the nanopatterned surface. Probably, HeLa cells are feeling the nanopatterned and the 10k substrates differently in molecular levels, such as degree of integrin clustering and patterns of phosphorylation signaling, but it is interesting to note that the eventual outcomes of cellular phenotypes are almost the same for the two substrates. More detailed and systematic comparative studies of cellular signaling will be useful to further understand how the cells compensate differences in nanoscopic stimuli and such studies are now underway in our lab.
In summary, we have developed a facile method to prepare photoactivatable substrates with tuned substrate adhesiveness based on mixed SAMs formed on gold surfaces. The substrates can be easily prepared by overnight reaction and facilitate mechanobiological resolution of the impact of chemical and mechanical cues in collective cell migration.
Supporting Information
Videos S1 and S2: movie files of cluster expansion behaviors on the 100 and 10k substrates. These materials are available free of charge on the Web at http://www.jsac.or.jp/analsci/.
